A signature-based search is performed for heavy stable charged particles (HSCPs) produced in pp collisions at √ s = 7 TeV, and collected with the CMS detector, using high transverse momentum muon, jet, and missing transverse energy trigger data corresponding to 198 nb −1 of integrated luminosity. Momentum and ionization energy loss measurements are used to isolate candidate events with slowly moving, heavy particles. Additionally, tracks passing muon identification requirements are also analyzed for this signature. In both cases, no event passes the selection criteria with an expected background of less than 0.1 events. This result is interpreted within the contexts of (quasi-)stable stau, gluino, scalar top-quark models and cross section limits of about 10 2 pb at 95% C.L. are obtained. Lower limits at 95% C.L. on the mass of stable gluinos are also set at 284 GeV/c 2 with the analysis that uses muon identification and 271 GeV/c 2 when no muon identification is required.
Introduction
Heavy Stable (or long-lived) Charged Particles (HSCPs) appear in various extensions to the Standard Model (SM), arising from a new symmetry, a weak coupling, a kinematic constraint, or a potential barrier. A recent review is available in Reference [1] , and collider limits include [2] [3] [4] [5] [6] .
If the lifetime is long compared to the transit time through the detector, then the particle may escape the detector, thereby evading the limits imposed by direct searches for decay products. Nevertheless, a HSCP will be directly observable in the detector through the distinctive signature of a slowly moving, high momentum (p) particle. The low velocity results in an anomalously large ionization-energy loss rate (dE/dx). Since the particle loses energy primarily through low momentum-transfer interactions, even if strongly interacting (R-hadron 1 ), it will be highly penetrating and will likely be identified as a muon. The interactions experienced by R-hadrons in matter can lead to charge-flipping, meaning that the particle can change its electric charge to become oppositely charged or neutral. A recent study [7] on the modelling of the nuclear interactions suffered by HSCPs travelling in matter shows that the probability for gluino or sbottom-based R-hadrons to emerge as neutral particles after traversing an amount of material typical of the calorimeters or iron yokes of the LEP, Tevatron or LHC experiments is close to unity. If this prediction turns out to be correct, HSCPs of the kind mentioned above would not be observable in the muon systems of the experiments. Experimental strategies where the requirement of muon-like behaviour for HSCPs is relaxed are therefore mandatory. For this reason the search is performed with two complementary candidate selections, as detailed below.
In this analysis, a signature-based search is performed for HSCPs produced in pp collisions at √ s = 7 TeV with the CMS detector at the CERN LHC. Data from the initial LHC run from AprilJuly, 2010, at √ s = 7 TeV, are analyzed. Data were collected with high transverse momentum (p T ) muon, jet, and, missing transverse energy (E miss T ) triggers. The analysis isolates HSCP candidates by selecting tracks reconstructed in the inner tracker detector with high dE/dx and high p T . A second selection additionally requires that the tracks be muon identified. For both selections, the candidate's mass is then calculated from the measured p and dE/dx.
CMS Detector
A detailed description of the CMS detector can be found elsewhere [8] . The central feature of the CMS apparatus is a 3.8 T superconducting solenoid of 6 m internal diameter surrounding a silicon pixel and strip tracker, a crystal electromagnetic calorimeter (ECAL) and a brass scintillator hadronic calorimeter (HCAL). Muons are measured in gaseous detectors embedded in the iron return yoke. In addition to the barrel and endcap detectors, CMS has extensive forward calorimetry. CMS uses a right-handed coordinate system, with the origin at the nominal collision point, the x-axis pointing to the center of the LHC, the y-axis pointing up (perpendicular to the LHC plane), and the z-axis along the anticlockwise-beam direction. The polar angle, θ, is measured from the positive z-axis and the azimuthal angle, φ, is measured in the x − y plane. In the central inner silicon tracker, charged particles are tracked by three layers of silicon pixel detectors, made of 66 million 100 × 150 µ m 2 pixels, followed by ten microstrip layers, with strips of pitch between 80 and 180 µm. Matching the muons to the tracks measured in the silicon tracker results in p T resolution between 1 and 5%, for p T values up to 1 TeV/c. If, instead, Trigger and reconstruction efficiency in the muon detectors is limited by requirements on the arrival time of the tracks to the muon system. These requirements can affect the efficiency for detecting slow HSCPs. The dependence of the muon trigger efficiency on the particle β is studied using Monte Carlo (MC) simulations. The muon trigger efficiency starts dropping linearly at β = 0.7 and reaches very low values at β = 0.3.
The dE/dx measurement is currently performed using only the information from the silicon strip detector. The dE/dx measurement is limited by the silicon strip analog-to-digital converter modules (ADC) that are characterized by a maximum number of counts that corresponds to about 3 times the average charge released by a minimum ionizing particle (MIP) in 300 µm of silicon. The latter is the thickness of the modules mounted in the inner barrel silicon strip modules.
Trigger and Data Sample
The events used in this analysis are collected with three types of triggers: triggers requiring a single muon (p T > 3 GeV/c) or dimuon pair, triggers requiring E miss T > 45 GeV (to search for HSCPs emerging mainly neutral after traversing the calorimeters, or just failing muon identification) or triggers requiring one jet (p T > 30 GeV/c) or more to search for HSCPs accompanied by substantial hadronic activity. Data corresponding to an integrated luminosity of 198 nb −1 from the initial LHC run from April-July, 2010, at √ s = 7 TeV, are analyzed.
Two selections are used in this analysis to define HSCP candidates: a "tracker-only" and a "tracker plus muon identification" selection. Both selections require an individual track, reconstructed in the inner tracker detector, that satisfies the standard CMS track reconstruction algorithm [9] . For the muon-like selection, additionally, the track must be loosely identified as a muon (it must be either a "global muon" or "tracker muon", [10] ). For both selections, only the associated silicon tracker track is used for the p and dE/dx measurements, and muon candidates sharing the same inner tracker track are vetoed. The particle momentum is taken as the measurement of the track momentum at the point of closest approach to the reconstructed primary vertex.
Signal and Standard Model Background
A few simulated signal samples are also used in this analysis. Events with direct production of supersymmetric scalar top squarks (t 1 ) are produced witht 1 masses of 130, 200, 300, 500, and 800 GeV/c 2 , with the MadGraph generator [11] , interfaced to PYTHIA [12] for the showering and hadronization steps; the so called "MLM" [13] matching prescription is applied after showering in order to yield a realistic spectrum of associated gluons. Events with direct pair production of gluino (g ) of different masses are generated with PYTHIA. Direct pair production oft 1 andg is at leading-order model independent as the only relevant parameter is the mass of thet 1 andg , respectively. Thet 1 andg are treated as stable in all these samples. Their hadronization is performed by PYTHIA and their interaction with matter is modelled as in Ref. [14] . The fraction of produced R-gluonballs (g g state) is an unknown parameter of the hadronization model and affects the fraction of R-hadrons that are neutral at production. In this study, the fraction of produced R-gluonballs is arbitrarily set to 0.1.
Production of supersymmetric quasi-stable leptons (τ 1 ) at the LHC can proceed either directly or via production of heavier supersymmetric particles (mainly squarks and gluino pairs), which decay leading to one or moreτ 1 particles at the end of the decay chain. The latter process is in general dominant due to the electroweak nature of the direct production process. In this analysis, the minimal gauge mediated supersymmetry breaking (mGMSB) model [15] is selected as a benchmark for lepton-like HSCPs. Two benchmark points on the SPS line 7 [16] are considered. The particle mass spectrum and the decay table are produced with the program ISASUGRA [17] version 7.69. The parameter values corresponding to the two considered points are as follows:
The correspondingτ 1 masses are 155.8 and 247 GeV/c 2 . The squark and gluino masses are of about 1.1 and 1.7 TeV/c 2 , respectively. A few more mass points are obtained by varying the Λ parameter in order to cover a mass range from 100 to 300 GeV/c 2 . For all points, the squark and gluino production cross sections are between one and two orders of magnitude higher than that of directτ 1 pair production.
Trigger efficiencies for the signal are as follows: for R-hadrons, the jet and E miss T trigger efficiencies range from 25% (low mass) to 85% (high mass), while the muon trigger efficiencies range from 15% (high mass) to 45% (low mass). For theτ 1 signal, the jet and E miss T trigger efficiencies are above 60%, while the muon triggers are above 90% efficient. The resulting total trigger efficiency, defined as the logical OR of these triggers, is greater than 50% for R-hadrons and 95% for theτ 1 signal.
A minimum bias MC sample enriched with events at high tranverse momentum-transfer QCD interactions (p T > 30 GeV/c) and containing approximately 50 million events is also used in the analysis for comparison with data.
Event Selection
Candidates are pre-selected by requiring p T greater than 7.5 GeV/c, a relative uncertainty on the p T smaller than 0.15 and transverse (longitudinal) impact parameter with respect to the reconstructed primary vertex smaller than 0.25 (2) cm. They must also have at least three hits in the silicon strip tracker detectors, which are used for the dE/dx measurement.
Clean separation between HSCPs and SM particles can be achieved by selecting tracks with high p T and high dE/dx. These two quantities are expected to be uncorrelated for MIPs, while a slow-moving HSCP would have large dE/dx even at high p T .
As an estimator of the degree of compatibility of the observed charge measurements with the MIP hypothesis, a slightly modified version of the so-called Smirnov-Cramer-von Mises [18, 19] estimator 2 is used for the selection based on dE/dx. This estimator (I as ) is referred to as a discriminator to distinguish it from a different estimator, defined later, that is used for the HSCP mass reconstruction. The I as discriminator is defined as:
where N is the number of track hits in the silicon strip detectors, P i is the probability a MIP would produce a charge equal to or smaller than the observed one for the observed path length, and the summation is over the number of track hits in the silicon strip detectors, ordered in terms of increasing P i . The I as discriminator takes into account the actual MIP energy loss distributions which are a function of the path length in the sensitive parts of the silicon strip detectors and takes into account the ADC cut-off. The charge probability density functions are obtained using tracks with p > 5 GeV/c from events collected with a minimum bias trigger. Non-relativistic HSCP candidates will have I as approaching unity. Figure 1 shows relatively good agreement between the data and the minimum bias MC sample, as well as strong discriminating power for the HSCP signal using I as and p T . For the case of the MC I as distributions, the effect of having enriched the sample with events with highp T is reflected in the presence of a few high-weight events (lowp T ) in the tails of the distribution. For the muon selection the tails of the I as distribution are populated with comparable contributions by both the lowp T sample and the highp T one. The former sample suffers from lack of statistics given that only 2 events are found with I as > 0.2. The integral of the MC distribution in the region I as > 0.15 is in excellent agreement with the data.
Clusters have been cleaned from anomalous ionization contributions due to overlapping MIP tracks, nuclear interactions and hard δ-rays in the silicon strip tracker detectors. Genuine single tracks produce clusters with most of the physical charge distributed over one or two neighbouring strips and with other strips carrying only the fraction (to a first approximation equal to 10 −n , where n is the distance in units of strips) of this charge that is induced via capacitive coupling or cross-talk effects. Clusters with multiple charge maxima, as well as clusters with more than two consecutive strips containing high and comparable charge were rejected. The I as distributions for the tracker-only candidates in the data passing the pre-selection with and without the cluster cleaning procedure are shown in Fig. 2 (left). Figure 2 (right) shows the same distributions for the signal MC sample corresponding to a gluino with mass 200 GeV/c 2 , where only reconstructed tracks matched to the simulated HSCP particles are considered. The latter distribution is normalized to the integrated luminosity of the data. Thus, the cluster cleaning procedure rejects background at high ionization without a significant impact on the signal. The background rejection is found to be lower for the muon-like candidates, most likely because muons do not undergo nuclear interactions.
As illustrated by Fig. 3 , the I as distribution in data depends on the number of silicon strip clusters used for the dE/dx measurement. Small differences in the distribution are also observed for a fixed number of hits but for different η ranges. The latter differences are due to the different typical path lengths in the different η regions, which result in improved dE/dx resolution, but also to differences in material, which result in different rates of secondary particle production.
To increase sensitivity, therefore, candidate HSCPs are divided into subsamples according to the number of silicon strip hits and η interval: 0 < η < 0.5, 0.5 < η < 1, 1 < η < 1.5, 1.5 < η < 2 and 2.0 < η < 2.5. As described in more detail in section 7, optimal thresholds for p T (I as ) are determined by requiring the same background efficiency, obtainable with the p T (I as ) selection alone, in each subsample. The value of the thresholds are, in general, different from subsample to subsample; it is the resulting background efficiency that is common to all subsamples. A study performed on MC indicates that a selection that uses the I as discriminator in the place of the I h estimator increases the signal-to-noise ratio by a factor 3. The division in subsamples according to the track number of hits (η) brings an additional increase by a factor 8 (1.3).
Ionization-based Mass Reconstruction
The most probable value of the particle dE/dx is estimated using a harmonic estimator I h of grade k = −2:
where c i is the charge per unit path length of the i-th hit attached to a given reconstructed track. In order to estimate the mass of highly ionizing particles, the following relationship between I h , p and m is assumed in the momentum region below that corresponding to the minimum of ionization:
Equation 3 reproduces with an accuracy of better than 1% the Bethe-Bloch formula in the interval 0.4 < β < 0.9, which corresponds to specific ionizations in the range of 1.1 to 4 times the MIP specific ionization. The mass spectrum obtained using Eq. 3 for all tracks with I h > 5 MeV/cm and p < 2 GeV/c is shown in Fig. 4 (right) . The known values of the kaon and proton masses are also indicated as vertical lines on the figure. The histogram obtained with MC does not display the deuteron peak because PYTHIA does not produce such particles in pp collisions [9] . For mass values of 100 GeV/c 2 or higher, the mass resolution is expected to worsen significantly mainly because of the deterioration of the resolution on the p measurement. Another instrumental effect affecting both the mass scale and the mass resolution is the silicon strip tracker ADC cut-off, which becomes increasingly important as the HSCP β spectrum becomes softer. Indeed, the lower the HSCP β, the higher its dE/dx and, therefore, the higher the chance of having some of its charge measurements truncated. For 300 µm of silicon, truncation starts at β values as low as 0.55. This β threshold grows with the square root of the path length and reaches 1 (MIPs) for path lengths as long as 900 µm. As a consequence, the measured HSCP I h value will be underestimated and the resulting point in the 2-dimensional p-I h plane will depart from the corresponding constant-mass curve and populate regions at lower mass values. These effects are visible in Fig. 5 , which has been obtained on the MCt 1 signal samples. The distribution of I h and p for all reconstructed tracks passing the pre-selection and matched in direction to the simulated HSCPs in the event are shown in Fig. 5 (left) along with the curves resulting from Eq. 3, where m is set to the nominalt 1 mass value. The small cloud of tracks in the lower left corner of the figure is due to mismatched reconstructed tracks produced by non-HSCP particles. Figure 5 (right) shows the resulting mass spectra, normalized to the number of events expected for the integrated luminosity used in this analysis. The degraded mass resolution and the bias in the mass peak position are not relevant for the analysis presented in this document, which is based on a counting experiment, as described in the next section. 
Background Determination and Search Optimization
The search is performed as a counting experiment in the mass range of 75 to 1200 GeV/c 2 to allow sensitivity to HSCP masses as low as 100 GeV/c 2 . For the tracker plus muon identification analysis, which is geared toward the detection of lepton-like HSCPs, the 100 GeV/c 2τ 1 signal is used for the optimization, while the 200 GeV/c 2g signal is used to optimize the tracker-only analysis.
The estimation of the background is performed by exploiting the absence of correlation between the p T and dE/dx measurements. Figure 6 shows the distributions of I as for data for a control sample composed of candidates with 7.5 < p T < 20 GeV/c and a signal-like sample composed of candidates with p T > 20 GeV/c. The results obtained for both the tracker-plusmuon and tracker-only candidates are presented. In both cases, the control and signal-like distributions are normalized to unity to allow the shapes to be compared. Good agreement is observed between the two distributions, which indicates that the assumption of lack of correlation between momentum and dE/dx is correct to a good approximation.
A data-driven method that exploits this lack of correlation is therefore employed to estimate the background from MIPs. An estimate of the absolute number of background events passing the selection applied to the i th subsample is obtained as D i = B i C i /A i , where A i is the number of tracks in the i th subsample that pass neither the I as threshold nor the p T one chosen for that subsample, B i (C i ) is the number of tracks that pass only the I as (p T ) threshold, and D i is the number of tracks that pass both thresholds. By using the mass measurement, this data-driven method is extended to predict the mass spectrum of the background candidates that pass both thresholds. The expected number of retained background events in the search region as predicted by the data-driven technique is computed as a function of the selection, which is defined by the two background efficiency values, common to all subsamples, obtainable with the p T and the I as selection alone, respectively. These background efficiency values are referred to as I and p T , respectively. The choice of the selection is, however, also driven by the knowledge of a possible systematic uncertainty on the background estimation. The systematic uncertainty on the expected background in the signal region is estimated by comparing observation and prediction in a control region of the mass spectrum that corresponds to masses smaller than 75 GeV/c 2 , following the procedure outlined below. All possible different selections that provide at least 20 entries in the control region and a total expected background efficiency of at least 10 −3 are considered, where the total background efficiency is defined as the product of the efficiencies defining the selection. It turns out that for both the tracker-only and the tracker-plus-muon selection the prediction systematically underestimates the observation. The average multiplicative factors that need to be applied to the prediction to match the observation are 1.36 and 1.32 for the tracker-only and tracker-plus-muon selection, respectively. The observed discrepancies could be due to a residual correlation between momentum and dE/dx. For instance, the relativistic rise in the Bethe-Bloch model is not accounted for in the method adopted to estimate the background. Thus, all predictions in the signal region are corrected by the scale factors indicated above. After correcting the prediction for these scale factors, the r.m.s of the distribution of the prediction-to-observation ratio is 0.18 (0.20) for the tracker-only (muon-like) candidates. The relative systematic uncertainty on the corrected background prediction is assumed to be twice these r.m.s. values, the factor of two being a simple safety factor, given that the prediction in the signal region is the relevant quantity for both the choice of the selection and the final results. These uncertainties are much larger than the purely statistical uncertainties for the typical selections adopted in this analysis. In Figure 7 the corrected expected number of background candidates from the data-driven prediction is plotted versus the corresponding number of signal candidates in the search region as predicted by MC. In both analyses, the signal retention does not show a strong dependence on the selection for which 0.01 to 10 background events are expected. An optimal selection is therefore one that retains an expected number of background events of the order of 0.01-0.1. This selection reduces the probability of having one background event in the search region without an excessive reduction of the signal yield. The chosen selections are given in Table 1 and correspond to a remaining background level of about 0.05 events, after correction. A looser selection is also shown. Tables 2 and 3 enumerate the results of this search for the loose and tight selection, respectively. No candidate HSCP tracks are observed in the case of the tight selection for both analyses. In all cases good agreement is found between observations and corrected background predictions. Fig. 8 shows the resulting mass spectra using the loose selection and the corrected predictions.
Results
The agreement between MC, corrected data-driven prediction and data in both shape and absolute normalization is satisfactory. Given the null result, upper limits are set at 95% C. L. on HSCP production. Table 4 : Acceptances and cross section upper limit for the different models considered with the tracker+muon analysis.
the signal is determined from MC and is given for the two analyses in Table 4 and Table 5 . The cross section upper limits at 95% C.L. are computed with a full Bayesian method that uses a lognormal prior [18, 19] for integration over the nuisance parameters. In order to obtain a more conservative upper limit the assumption of no expected background event is used. Resulting cross-section limit curves are provided in Figure 10 , along with theoretical expectations for the production of staus, stops, and gluinos. The systematic uncertainties discussed in section 9 are already included in the cross-section upper limits reported in Tables 4 and 5 and Fig 10. The stop (gluino) cross section is computed at NLO (NLO+NLL) [20] [21] [22] using PROSPINO [23] . As discussed in section 9, a relative uncertainty of 15% is assumed for these cross sections. From the intersection of the cross-section limit curve obtained with the tracker-plus-muon identification (tracker-only) analysis and the lower edge of the gluino theoretical cross-section band, a 284 (271) GeV/c 2 lower limit at 95% C.L. on the mass of pair produced stable gluinos, hadronizing into R-gluonballs in 10% of the cases, can be set.
Systematic Uncertainties
The main sources of systematic uncertainties on the cross section upper limit and mass lower limit results are the following:
• Uncertainty on the signal acceptance. A value of 20% is assumed. It derives from the following contributions:
• Uncertainty on the trigger efficiency obtained from MC. The uncertainty on the jet and E miss t trigger efficiency is expected to be dominated by the uncertainty of 10% on the jet energy scale [24] . Varying by ±10% the threshold on the single jet (E miss t ) trigger resulted in a change in the corresponding trigger efficiency by < 5% (max 10%) for all considered signals. A disagreement of up to 10% is observed between the single muon trigger efficiency in data and MC at all energies [10] . In addition, for this specific analysis, it is expected that a further uncertainty may arise as a result of the delayed arrival of HSCPs in the muon system. Assuming a drop in the muon trigger efficiency by 15%, it was verified that the drop in the overall trigger efficiency is less than 5% for all considered signals. On the basis of these numbers, an uncertainty of 15% on the overall trigger efficiency was assumed.
• Uncertainty on offline track (< 5% [25] ) and muon (5% [10] ) reconstruction efficiency.
• Uncertainty on the track momentum scale (< 5% [25] ) and dE/dx scale.
The latter is estimated to be less than 5% from the level of agreement observed between data and MC for low momentum hadrons ( [9] and Fig. 4 ). It was verified that even a change by 5% in the momentum scale implies a less than 5% change in the signal acceptance. For the case of dE/dx the resulting variation, for the same relative change, is less than 3% fort 1 and g and increases to 8% at 100 GeV/c 2 in the case of theτ 1 .
• Uncertainty on the models of hadronization and nuclear interactions experienced by R-hadrons. These uncertainties are extremely difficult to estimate and for this reason, it is chosen to treat these models as part of the physics models considered.
• Uncertainty on the absolute value of the integrated luminosity. An uncertainty of 11% is assumed [26] .
• Uncertainty on the expected background. This contribution was discussed in Section 7 and is estimated to be 36% (40%) for the tracker-only (tracker plus muon identification) analysis. This uncertainty has, however, a very minor impact on the cross section upper limits for the case at hand of no observed events. In addition, as specified in section 8, the estimate of zero expected background events was used in order to obtain conservative upper limits.
• Uncertainty on the theoretical cross section for production of top squarks and gluino pairs. An uncertainty of 10% arising from the renormalization and factorization scales is assumed on the basis of the study in [20] [21] [22] , where these uncertainties are quoted to be less than 10% in pp collisions at 14 TeV. These uncertainties are not Table 6 : Sources of systematic errors and corresponding relative uncertainties.
expected to vary significantly with the energy. The relative uncertainty arising from the parton distribution functions is assumed to be 10%, leading to an estimated total relative uncertainty of 15% on the theoretical cross section values. The uncertainty on the theoretical cross section for production of staus in the considered models has not been estimated at this stage.
These uncertainties are summarized in Table 6 and are already incorporated in the quoted limits.
Conclusion
In conclusion, the CMS inner tracker has been used to identify highly ionizing, high-p T tracks as well as measure their masses. A first search is based on all tracks reconstructed in the inner tracker detector. The search was repeated by restricting the selection to highly penetrating tracks identified with the CMS muon system. For both selections, the observed mass distribution is consistent with the expected background from MIPs. From this result, obtained with 198 nb −1 of integrated luminosity, an upper limit at 95% C. L. on the production cross section of pairs of stable gluinos, hadronizing into R-gluonballs in 10% of the cases, and top squarks is set at around 100 pb starting from a mass of 130 and 200 GeV/c 2 , respectively. For the case of gluinos a mass lower limit of 284 GeV/c 2 can be set at 95% C. L. with the analysis that uses muon identification. This limit becomes 271 GeV/c 2 when no muon identification is required. Cross section upper limits are also set for some benchmark points in the framework of the mGMSB model, predicting the existence of stable staus.
